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Introduction
In order to fully explore the excellent properties of carbon nanotubes (CNTs), work in the past has been focused on generating CNTs networks, films and sheets (buckypaper) using spraying or the vacuum filtration method [1, 2] on solid substrates or by integration with polymers. Compared with single-walled carbon nanotubes (SWNTs), multi-walled carbon nanotubes (MWNTs) are much cheaper and better suited to large-scale industrial applications except for their much lower conductivity compared with SWNTs. There have been several strategies to reduce their high contact resistance, including chemical doping, alignment and welding with metals or conducting polymers. Dai [3] materials due to the increase in the average number of hole or electron carriers in the nanotubes. For both SWNT and MWNT sheets, there are two predominant nanotube junctions that govern the electrical properties of a nanotube network, i.e. the Y junction, exhibiting ambipolar behavior, and the crossed junction, providing rectification characteristics [4] . Therefore, two approaches can be used to improve the electrical conductivity of MWNT sheets: (1) minimize the contact resistance between nanotubes by improving the alignment of nanotubes and by increasing the lengths of individual tubes; (2) improve the conductivity of individual nanotubes by post-synthesis treatments [5] . To achieve low-resistance ohmic contacts in these structures, metals can be deposited onto the nanotube surface by using techniques such as impregnation [6] , electroless metal plating [7] , self-assembly [8] , electrodeposition [9] , and physical vapor deposition [10] , etc.
In the present work, MWNTs were grafted with carboxylic groups by boiling MWNTs in a strong acid mixture of H 2 SO 4 /HNO 3 (3:1). Highly conductive silver nanoparticles were then in situ synthesized and anchored onto the MWNT surface by photochemical reduction of AgNO 3 in the presence of Triton X-100 (TX-100) surfactant, as shown in Figure 1 . The nanohybrid suspension was then filtered using a vacuum filtration procedure to fabricate uniformly distributed MWNT sheets. The effect of silver nanoparticles on the electrical properties and electromagnetic interference (EMI) shielding effectiveness was investigated.
Experimental details
The pristine MWNTs (Sigma Aldrich) were produced using a chemical vapor deposition (CVD) method (a purity of > 99%), with up to 20 µm in length and a diameter around 12 nm. Pristine MWNTs (4.32 g) were added to 120 ml of concentrated acid mixture (H 2 SO 4 /HNO 3 = 3:1 by volume). The mixture was placed in an ultrasonic bath (40 kHz) for 30 min and then stirred for 4 h at 100
• C. The mixture was then diluted with distilled water and no sedimentation was noticed after leaving it overnight. The resulting solution was then vacuum filtered through a 0.22 µm Millipore alumina membrane and subsequently washed with distilled water until the pH value was ∼7. The filtered solid was dried under vacuum for 24 h at 40
• C, yielding 2.59 g carboxylic-modified MWNTs (MWNT-COOH). Acid-treated MWNTs (100 mg) were then dispersed in distilled water in the presence of TX-100 surfactant (1.0 wt %), and then mixed with silver nitrate solution (250 ml, 0.2 wt %), while stirring under UV light (λ = 365 nm) at 60
• C. The nanohybrid sheets were fabricated by filtering the above mixture through Millipore filter and subsequently washed with distilled water and ethanol.
A zeta potential analyzer was used to measure the zeta potential and mobility of the resulted carboxylic-modified MWNTs. Scanning electron microscopy (SEM) was used to characterize the morphologies of the as-synthesized MWNTs. SEM was performed using a JEOL 1530 equipped with a thermally assisted field emission gun operating at 10 keV. The morphology of silver nanoparticles stabilized by MWNTs was further examined by transmission electron microscopy (TEM, JEOL 1200). To prepare the TEM samples, a tiny drop of well-dispersed sample was placed onto one carbon-coated TEM copper grid. Fourier-transform infrared (FTIR) spectroscopy was utilized to study the acid-treated MWNTs. The acid-treated MWNTs were mixed with dried KBr powder and pressed to form semi-transparent pellets.
Electrical conductivity measurements were conducted using the four-probe method (a 4284A Precision LCR meter) at room temperature. The transmission and reflection characteristics of MWNT sheets toward EMI were measured by using a vector network analyzer (VNA) with a band range up to 50 GHz together with a pair of horn antennas with a band range of 15-40 GHz.
Results and characterizations

Ag nanoparticle-decorated MWNT sheets
It was found that the MWNT sheets (>30 mg) could be easily separated from alumina membranes above a certain thickness with adequate conductive properties and mechanical strength. Figure 2 shows that MWNT sheets prepared using the vacuum filtration method were predominantly cylindrical, and occasionally the resulting MWNT sheets appeared oval or had roughened edges, but the overall upper and lower surfaces of the MWNT sheet appeared to be flat. The diameter after contraction varied depending on the various types of solvents used as dispersion medium. For distilled water, the average contraction ratio of the MWNT sheets was up to ∼10% in diameter and formed domed shaped MWNT sheets that possess a concave upper surface and convex lower surface, as shown in Figure 2 . During drying shrinkage, MWNT sheets were found to separate from the alumina filter automatically, the mechanism of which can be well understood based on Kendall's theory [11] . Kendall suggested that shrinkage weakens joints between the nanotube sheet and the alumina membrane. The thickness limitation is probably due to the difficulty in forming an intact film across a substrate comprising large-sized pores and its subsequent removal from the frit surface. Figure 3a shows an optical image of the stable carboxylic-modified MWNTs in aqueous solutions after two months and it was found that better dispersion could be obtained in a solution with mean zeta potential of −34.03 mV and mobility of −2.66(µ/s)/(V/cm). Figure 3 . Photographs of (a) stable acid-treated MWNTs in aqueous solutions after two months (left: dilute; right: concentrated) and (b) the foldability evaluated by measuring bending radius of 1.5 mm (approximate tensile strain of 6.5%).
The monodispersed nanotube solution yielded a higher concentration of crosslink joints, and thus a higher bending modulus [12] and much more conductive tunnels. Figure 3b indicates that a foldable free-standing MWNT sheet ( 36 mm × 30 µm) was condensed enough to exhibit a metal-like shiny surface, which is very rare for MWNT sheets. The degree of foldability was directly related to the size of the film. One measure of this could be the curvature of the film, which is worth further investigation.
Zeta potential and UV-visible spectra
Particle surface charge is an important feature that determines colloidal stability. The electrostatic potential of charged particles dispersed in a liquid medium is governed mainly by surface functionality, especially by its ionization ability to produce a charged surface, and the preferential absorption of ions of one charge sign from solution. Zeta potential measurements were performed to detect the influence of various chemical modifications on MWNT surface, charged in an aqueous solution. Generally, particles tend to avoid coagulation by electrostatic repulsion above certain surface potentials, usually ± 15 mV [13] . Thus, by knowing the magnitude of the net surface potential, one can predict the possible aggregation behavior of MWNTs. For example, a high surface charge on nanotube surface will indicate a preference for considerable electrostatic repulsion within nanotube aggregates. A low surface charge may not be able to overcome the van der Waals forces between tubes, and hence lead to a high degree of aggregation. But particles with zeta potentials between −15 and +15 mV can still be stable if they are stabilized sterically. Table 1 shows that carboxylic-modified and surfactant-modified MWNTs are negatively charged in aqueous solution, and colloidal stability is fully correlated with the surface functionality. Thus, TX-100-modified nanotubes are stabilized in solution primarily by steric and not electrostatic interactions. However, carboxylic-modified MWNTs showed a higher surface charge, as the ionization reaction of carboxylic acids in water is sufficiently effective (4 < pK a < 5). According to the well-established Derjaguin-Landau-Verwey-Overbeek (DLVO) theory, particles can be dispersed when electrostatic repulsions, induced by similarly charged electrical layers surrounding the particles, can overcome the attractive van der Waals' interactions [14] . The net interaction between nanotubes is obtained by summing these two terms. If the repulsion potential exceeds the attraction potential, an energy barrier that opposes aggregation occurs. If the magnitude of this energy barrier exceeds the kinetic energy of the particles, the suspension is stable. The relatively high zeta potential of carboxylic-modified MWNTs (−34 mV) in water increases the energy barrier for coagulation and contributes to stable dispersions of this type of nanotube in aqueous solution, and eventually leads to homogenized composite-film formation.
To further support the observation that dispersions of individual Ag-decorated MWNTs are basically free of bundles, UV-visible absorption spectra of such dispersions were obtained. It has been previously reported that such spectra are very sensitive to the aggregation state of nanotubes in a suspension [15] . Figure 4 shows the UV-visible absorption spectra in the range 300-1100 nm. The UV-visible-NIR spectra exhibited sharp features corresponding to electronic transitions between the MWNT Van Hove singularities. The observation of pronounced spectral features suggests the presence of individual MWNTs in solution, since bundling would lead to a broadening of the absorption spectra.
FTIR analysis of the carboxylic-modified MWNTs
In order to characterize the attachment of carboxylic acid groups on the nanotube surface, the FTIR spectra of the pristine and carboxylic-modified MWNTs were obtained, as shown in Figure 5 . The dominant peak at 1626 cm −1 can be assigned to characterize acid carbonyl (C=O) stretches, and the broad band at 3417 cm −1 is identified as O-H stretching mode in carboxylic acid groups. The peak at 1584 cm −1 is attributed to the vibration of carbon skeleton of the nanotubes. The results indicated that carboxylic acid groups had been successfully attached to the nanotubes. Figure 6a shows a TEM image of Ag nanoparticles synthesized by using carboxylicmodified MWNTs as stabilizing agent without TX-100 surfactant. With nanotubes as backbone, silver nanoparticles lined up to form a stable assembly, which also indicated that active sites on the carboxylic-modified MWNTs walls aided the nucleation and growth of Ag particles. However, the particles or agglomerations had quite a broad size distribution, from 10 to 100 nm, with hexagonal, pentagonal and spherical shapes. Also, the nanoparticles can only anchor onto certain nanotubes, implying an inhomogeneous distribution of the nanoparticles (NPs) in the future MWNT/NP sheet. However, it is evident from above analysis that the acid-treated MWNTs were considerably effective in stabilizing silver nanoparticles. The stabilizing mechanism was proposed as the following: the oxygen elements on the acid-treated MWNTs walls provided the nucleation sites for metal ions and then stabilized the nanoparticles after they were formed. MWNTs acted as the template on which the as-formed nanoparticles were able to line up to form a stable assembly due to their special structures [16] . From above analysis, one can see that whereas carboxylic-modified MWNTs could supply nucleation sites for Ag nanoparticles, the particle size could not be effectively controlled during the process. TX-100 can not only act like surfactant but can help control the particle size, as well as acting as a reducing agent at the same time [17] . For silver nanoparticles synthesized by using the same amount of acid-treated MWNTs in the presence of 1 vol. % of TX-100, the silver NPs were stabilized on the nanotube wall and well dispersed with a narrow size distribution, as can be seen in Figure 6c . For a ratio of 1:1 AgNO 3 /MWNTs, the percentage in the range 20-30 nm was 66% and the maximum particle size was around 40 nm. This indicated that TX-100 is efficient in controlling the particle size and distribution by preventing agglomeration. Although the TEM samples were prepared by dispersing the nanohybrid suspensions by strong sonication, nanotubes were still tightly connected by nanoparticles and conducting paths were thus set up, which enhanced the transport properties of the nanotube sheets. Figure 7 shows the typical microstructure of functionalized MWNT sheets. The MWNT sheets generally maintained a planar geometry along the upper surface, but individual nanotubes were randomly orientated throughout the bulk sample, predominantly lying parallel to the frit surface. Under a high magnification, the nanotube sheet surface was pitted (b) (a) Figure 7 . SEM images of MWNT sheets at magnifications of (a) ×30,000 and (b) ×140,000.
TEM images of silver-decorated MWNTs
International Journal of Smart and Nano Materials
Microstructure of functionalized MWNT sheets
with numerous micron-sized holes, presumably where the nanotubes were forced into the interstices of the frit surface, giving the surface a roughened morphology. It is assumed that by reducing the porosity of the frit, it should be possible to reduce the level of voids, although this may increase the time required for the solvent to escape the system under compression. This also proved to be useful for casting thinner MWNT sheets for more flexible applications. A closer SEM examination (Figure 7b ) revealed that the surface of MWNT sheets was in fact rather rough, and the tubes formed a random, heavily interconnected macroporous system. Their dominant orientation was normal to the direction of the filtration, without any bundling. By quantitatively analyzing the SEM images, the apparent pore diameter was 30-50 nm. The nominal density of the nanotube sheet is 0.56g/cm 3 and the average porosity is 68.8%, together with a surface area of 112.11 m 2 /g determined by the BET method.
Thermal stability of Ag/MWNT hybrid sheets
In order to assess the activity of the acid-treated MWNTs and the percentage of Ag nanoparticles in the resulting nanohybrid sheets, thermogravimetric analysis (TGA) of carboxylic-modified MWNT and Ag/MWNT hybrid sheets was carried out. Figure 8a shows that the main loss peaks occurred at 595 and 450
• C. Above 600
• C, almost nothing was left of the carboxylic MWNT sample, whereas 35.0 wt % still remained for Ag/MWNT hybrid sample. The silver oxides (Ag 2 O) remained brown in color and were sintered into large particles during the melting process, as shown in Figure 8b . By calculating the percentage of silver in Ag 2 O (215.6/231.6 = 0.931), totally 32.5 wt % of silver NPs were deposited onto MWNTs. The TGA curves also showed that the main decomposition peak of MWNTs shifted to a lower temperature range, most likely due to the formation of a silver shell around the nanotubes [18] .
Electromagnetic interference (EMI) shielding effectiveness
The electrical resistance of MWNT sheets is derived from two components: the resistance of individual nanotubes and the contact resistance between nanotubes. The decorated Ag nanoparticles appear to further increase the carrier density, leading to an increasing in conductivity from 27.7 to 40.0 S/cm, as shown in Table 2 . Based on the theory of EMI shielding, the shielding effectiveness (SE) is described as [5] 
where the complex index of refraction n is related to the complex wave vector k (= nω/c).
Under a good conductor approximation, the SE of monolayer films described in the above equation is given as follows [19] : 
where Z 0 (=376.7 ) is the wave impedance of free space. The result shows that the EMI SE increases as σ d increases, which means conductivity is an intrinsic parameter of EMI SE, and the thickness is an extrinsic parameter for EMI SE. As the thickness of the material increases, the EMI SE becomes larger due to the increasing of the absorption of the EM wave [20] . The transmission and reflection characteristics of MWNT sheets toward EMI were measured with a band range up to 50 GHz together with a pair of horn antennas with a band range of 15-40 GHz. A filter membrane was also analyzed under identical experimental conditions for comparison. During the EMI measurement, the carbon nanotube sheets were embedded between two layers of filter membrane, which has no influence on the EMI SE. The EMI SE curves are shown in Figure 9a , where the curve of the sample 
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thicker than 339 µm is out of testing range according to the operation menu. There is a linear relationship between sample thickness and EMI SE value, as seen in Figure 9b . The EMI SE increases from 18.7 to 45.5 dB when the thickness of the nanotube sheets increases from 68 to 339 µm. With one layer of MWNT sheet with a thickness of 68 µm, the EMI SE increased dramatically and approached the target value (20.3 dB) of the EMI shielding materials needed for commercial applications [21] .
For comparison with commercial metal mesh or metal films, Shui et al. compared the EMI shielding efficiency of a range of metal meshes and thin films. It was found that a single layer of MWNT sheet could achieve a higher EMI SE than the Ni mesh. Furthermore, for aerospace applications related to shielding or waveguides, the specific EMI SE and the specific surface conductance are the relevant quantities [22] . The specific SE value for MWNT sheet with a thickness of 68 µm was calculated to be 35.7 dB cm 3 /g, which is much higher than that of typical metals, such as solid copper with a value of 10 dB cm 3 /g [22] . The high SE of MWNT sheets is due to their small diameter, large aspect ratio, high conductivity, and the fact that the interaction of electromagnetic radiation with a conductor weakens with increasing depth from the surface of the conductor [23] .
Concluding remarks
An environmental friendly method was developed to prepare monodispersed MWNT suspensions and synthesize Ag nanoparticles onto the carboxylic-modified MWNTs via an in situ synthesis procedure. The modification conditions of MWNTs were mild and the formation of MWNT/Ag nanohybrids was environmental friendly and well controllable. This strategy might also be suitable for the fabrication of MWNT/metal hybrids with many other metals (e.g. platinum, gold and binary metallic nanoparticles) for applications in nanoelectronics, biosensors, heterogeneous catalysis, electrocatalysis, optical devices, etc.
Silver nanoparticles were covalently anchored onto nanotube surface with a uniform distribution and the resulting silver junctions proved very promising for enhancing the transport properties between nanotubes. Stacked layers of thin nanotube sheets were very effective for absorbing EM waves, where an EMI SE value of 45 dB could be obtained with a stacked layers thickness of 339 µm. All these results demonstrate that the Ag nanoparticle-decorated MWNT sheets are suitable for use as light-weight EMI shielding materials.
